Two experiments were conducted to quantify the impact on forage use and performance of varying supplementation frequency of cattle consuming forage diets across a range of frequencies. In both experiments, a common supplement was used that contained a relatively high concentration of CP (43%) and was fed at the following frequencies: 1) 2 d/wk; 2) 3 d/wk; 3) 5 d/wk; and 4) 7 d/wk. In Exp. 1, 120 Hereford × Angus cows (BW = 537 kg) grazing winter tallgrassprairie range were supplemented at the various frequencies from December 7 until calving (average calving date = 3/7/99). All treatments provided the same quantity of supplement on a weekly basis (12.74 kg, asfed) but divided the amount delivered on a given day equally among the number of supplementation events for that treatment. Less BW was lost from December 7 through calving (linear effect, P = 0.02) as frequency of supplementation increased, but the magnitude of dif-
Introduction
Decreasing the frequency of supplementation offers livestock producers an opportunity to decrease time, labor, and equipment demands associated with the supplementation of range livestock. Research comparing alternate-day or three-times-weekly supplementation with daily supplementation typically has led to the conclusion that effects on forage use and livestock perfor- The authors thank Gary Ritter and Wayne Adolph for their assistance. 2276 ference in weight change was relatively small. Body condition responded similarly through early February (linear effect, P = 0.02), although treatment effects were not as distinct at calving (cubic effect, P = 0.11). In Exp. 2, 16 ruminally fistulated Hereford × Angus steers (BW = 257 kg) were blocked by weight and assigned to one of the four frequencies of supplementation. Steers were offered tallgrass prairie hay (73.5% NDF, 4.8% CP) ad libitum and were supplemented at a rate (relative to BW) similar to that of the cows in Exp. 1. Increasing frequency of supplementation increased (linear effect, P ≤ 0.02) forage OM intake, OM and NDF digestion, and digestible OM intake. However, the most prominent differences in forage OM intake tended (cubic effect, P = 0.07) to occur with the two extreme frequencies of supplementation. In conclusion, forage use was improved with an increased frequency of supplementation, but the impact on performance is not likely to be large unless extreme differences in frequency occur. mance are small enough to justify recommendation of this practice (McIllvain and Shoop, 1962; Coleman and Wyatt, 1982; Beaty et al., 1994) . However, most research indicates that some negative effects on forage use and(or) performance often occur (Melton and Riggs, 1964; Kartchner and Adams, 1982; Beaty et al., 1994) . Many of the studies of this nature simply have compared daily supplementation with supplementation at one other frequency (most commonly alternate-day or three-times-weekly). Defining the relative magnitude of performance and(or) forage use penalty that occurs across a range of frequencies would be helpful to livestock producers in selecting optimal supplementation frequency. Therefore, the objective of our study was to document changes in forage use and performance over a range of several supplementation frequencies.
Materials and Methods

Experiment 1: Cow Performance Trial
In the winter of 1998/1999, 120 spring-calving, Hereford × Angus cows (average initial BW = 537 kg; average initial body condition score = 5.3) grazing dormant tallgrass prairie range (Table 1) were supplemented at one of four frequencies. Cows were weighed and body condition was scored on December 7, 1998. After stratification by BC and BW, cows were randomly assigned within the strata to one of three pastures (120 ha).
Within each pasture, cows were randomly assigned to four treatments such that there were 10 cows per treatment in each of the three pastures. Treatment groups within each pasture were considered to be the experimental unit. The frequencies of supplementation were as follows: 1) 2 d/wk (Tuesday and Friday); 2) 3 d/wk (Monday, Wednesday, and Friday); 3) 5 d/wk (Monday through Friday); 4) 7 d/wk. The supplement contained 43% CP (Table 1) and was fed at 1.82 kg/cow daily (asfed) to cows that received supplement daily. Ingredient composition is as follows: 46.4% sunflower meal, 30.5% cottonseed meal, 7.5% feather meal, 5.0% soybean meal, 0.5% alfalfa, 0.5% soybean hulls, 2.3% limestone, 0.7% salt, 0.5% selenium (0.06%), 0.6% trace mineral premix, 0.2% grease mix, and 5.0% molasses. Other treatment groups were offered the same quantity of supplement on a weekly basis (12.74 kg/wk), but the total amount offered was split evenly among the number of supplementation events per week for that treatment. For example, cows that were offered supplement 2 d/wk received their total weekly allotment of supplement in two equal portions of 6.37 kg. Treatment supplementation was initiated at the beginning of the winter grazing period (December 7, 1998 ) and terminated at parturition for each cow (average calving date = March 7, 1999). All cows were gathered daily (0700 to 1100) and sorted into their respective treatment groups regardless of their supplementation schedule. Body condition and BW were measured again on January 8, on February 8, and within 48 h after calving. Four trained individuals conducted the body condition scoring via palpation over the withers and ribs, which was based on a 1-9 scale (1 = emaciated; 9 = obese; NRC, 1996 
Experiment 2: Digestion Trial in Confinement
Sixteen ruminally fistulated Hereford × Angus steers (average initial BW = 257 kg) were blocked by weight and assigned within block to one of four treatments. The experimental protocol was approved by the Institutional Animal Care and Use Committee at Kansas State University and included the use of anesthesia when surgical procedures were performed. Each steer was kept in an enclosed barn in tie stalls (1.2 × 2 m) with ad libitum access to fresh water and plain white salt and offered tallgrass prairie hay (Table 1) at 130% of its average voluntary intake for the preceding 5 d. The four frequencies of supplementation and the supplement were the same as used in Exp.1. The amount of supplement fed (relative to BW) was also similar to that provided in Exp. 1 (0.36% BW, dry basis). Furthermore, as in Exp. 1, all treatments received the same quantity of supplement on a weekly basis, but the weekly allotments were divided into equal portions that were fed at the different frequencies. Supplements were fed at 0630, and prairie hay was offered at approximately 0700 (supplements were completely consumed before forage was fed). Orts were collected and weighed daily for each steer before supplements and hay were offered. The hay fed to the steers was ground to pass through a 75-× 75-mm screen.
An adaptation period of 12 d was employed to adjust steers to their respective treatments. The subsequent 7-d period was used to measure voluntary intake of the prairie hay. Samples of forage and supplement were collected on d 13 through d 19, and ort samples for each steer were collected on d 14 through d 20. Fecal bags were placed on each steer to measure total daily fecal output from d 15 through d 21. Representative subsamples of feces were collected from each day's total output for each steer. Partial DM of hay, orts, and fecal samples were determined by drying at 55°C for 96 h in a forcedair oven. Afterward, the samples were ground (No. 2 Wiley mill, Authur H. Thomas Co., Philadelphia, PA) to pass a 1-mm screen. Supplement samples also were ground to pass a 1-mm screen (8-inch laboratory ham-mer mill, Christy and Norris, Chelmsford, England). Ort and fecal samples were composited within steer and across days for the experiment. Digestibility coefficients were determined from total fecal collection and were calculated as described by Cochran and Galyean (1994) .
Following removal of fecal bags (d 21), a ruminal fermentation profile was conducted to observe fermentation characteristics on a day (Sunday) when only the 7 d/wk group was offered supplement. On d 26 (Friday), an additional fermentation profile was performed on a day when all steers were offered supplement. For each fermentation profile, ruminal fluid samples were collected with a suction strainer (Raun and Burroughs, 1962; 19 -mm diameter; 15-mm mesh) before feeding (0 h) and at 3, 6, 9, and 12 h after feeding. Ruminal pH was measured with a portable pH meter equipped with a combination electrode (Orion Research, Boston, MA) immediately after each sample was collected. Eight milliliters of ruminal fluid from each sample was added to 2 mL of 25% (wt/vol) metaphosphoric acid for VFA analysis, and 2 mL of ruminal fluid was added to 8 mL of 0.1 N HCl for ammonia analysis. Ruminal fluid samples then were frozen for subsequent analysis.
Concurrent with both of the fermentation profiles, steers were dosed with 0.57 g of Cr (as CrEDTA; Binnerts et al., 1968) in 250 mL of deionized water as a marker for determining liquid passage. Dosing was performed just before feeding, and the CrEDTA solution was deposited into various locations in the rumen of each steer. Twenty milliliters of each ruminal fluid sample was frozen immediately and retained separately for Cr analysis.
Laboratory Analysis
Ground forage, supplement, orts, and feces were dried overnight (16 h) at 105°C in a convection oven for determination of DM and were ashed at 450°C for 8 h in a muffle oven for determination of ash. The CP contents of ground forage, supplement, and orts were determined by combustion (nitrogen analyzer; LECO FP-2000; St. Joseph, MI). The NDF concentrations of the ground forage, supplement, orts, and feces were determined as described by Van Soest et al. (1991) . Forage degraded intake protein was determined using a 48-h Streptomyces griseus protease procedure (Coblentz et al., 1999) . Supplement DIP concentration was calculated using published values for the concentration of DIP in the constituent feedstuffs of the supplement (NRC, 1996) .
After thawing, ruminal fluid samples were centrifuged at 30,000 × g for 20 min. Ruminal NH 3 concentrations were determined using a colorimetric procedure (Broderick and Kang, 1980) . Ruminal VFA were measured by gas chromatography (Model 5890, HewlettPackard, Avondale, PA) as described by Vanzant and Cochran (1994) . Ruminal Cr concentrations were determined by atomic absorption spectrophotometry. Liquid dilution rate was calculated by regressing the natural logarithm of the Cr concentrations measured in ruminal fluid on time of sampling (Warner and Stacy, 1968) .
Statistical Analysis
In Exp. 1, all performance data were analyzed as a randomized complete block design using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). Model terms were treatment and pasture. Treatment groups within each pasture were considered the experimental units. Hence, each treatment had three replications. Treatment effects were tested using treatment × pasture (i.e., block) as the error term. The LSMEANS option was used to determine treatment means. Treatment sums of squares were partitioned using linear, quadratic, and cubic contrasts. The REG procedure of SAS was used to determine the relationship between cumulative BW change and frequency of supplementation.
In Exp. 2, intake, digestion, and dilution rate data were analyzed as a randomized complete block design using the GLM procedure. Steers were blocked on weight. Model terms were block and treatment. Treatment means were determined using the LSMEANS procedure. The MIXED procedure of SAS was used to analyze daily DMI. Day and frequency served as two fixed treatment factors in this test. Model terms were treatment, day, and treatment × day. The MIXED procedure also was used to analyze ruminal characteristics, which were measured at different time intervals on different days. Model terms were treatment, block, day, treatment × day, time, treatment × time, day × time, and treatment × day × time. The random term used for testing treatment × day was treatment × block × day. The random term used for testing treatment was treatment × block. Pairwise comparisons of treatment means were made to determine significant changes in fermentation characteristics. Contrasts were used to examine the linear, quadratic, and cubic responses across different frequencies of supplementation.
Results
Experiment 1: Cow Performance Trial
As supplementation became more frequent, cows lost less (linear effect; P = 0.02) body condition (Table 2) during the period from trial initiation (December 7) until February 8. However, body condition changes in the period immediately before calving lessened the magnitude of cumulative body condition change (cubic effect; P = 0.11) from the beginning of the study through calving. In contrast, a linear increase (P = 0.02) in cow BW was observed across the entirety of the supplementation period as the frequency of supplementation in- number of days of supplementation per week; P = 0.07). Calf birth weights were not affected (P ≥ 0.42) by treatment.
Experiment 2: Digestion Trial in Confinement
During the intake measurement period, a treatment × day interaction (P < 0.01) was observed for daily forage DMI (Figure 1 ). This appeared to be largely due to the fact that steers receiving supplement 2 d/wk had a sharp decrease in forage DMI on the day when they received supplement. Although treatment differences in forage DMI were more pronounced on such days, overall treatment effects on average DMI were observed. In general, forage, total, and digestible OM intakes increased (linear effect; P < 0.01) with increased frequency of supplementation (Table 3) . However, differences in forage OM intake tended (cubic effect; P = 0.07) to be more prominent for the two extreme frequencies of supplementation. Organic matter and NDF digestion also increased (linear effect; P ≤ 0.02) with increased frequency of supplementation.
No significant difference in ruminal liquid passage rate was observed across treatments on the day when only the 7-d/wk treatment group was supplemented (Table 3) . On the day when all treatment groups were supplemented, ruminal liquid passage rate was generally faster (linear effect; P < 0.01) for the groups that were supplemented more frequently. In general, the liquid passage rate for steers supplemented 2 d/wk was numerically slower than rates for the other treatment groups on the day all groups were supplemented.
A treatment × day × time interaction (P = 0.05) was observed for ruminal pH ( Figure. 2). On the day when only the 7-d/wk treatment group was supplemented, steers supplemented daily had lower (P ≤ 0.04) ruminal pH than other frequencies across time. However, on the day when all treatment groups were supplemented, those steers receiving larger quantities of supplement (i.e., those supplemented less frequently) generally displayed a more rapid decline in pH and a decline of greater magnitude.
A treatment × day × time interaction (P < 0.01) was observed for ruminal ammonia concentration ( Figure  3) . On the day when only the 7-d/wk treatment group was supplemented, the concentration of ruminal ammonia in unsupplemented steers did not change substantially across time, whereas ammonia concentration in the group that was supplemented increased (P < 0.01) and then returned to baseline concentrations. On the day when all treatment groups were supplemented, the postfeeding increase (P < 0.01) in ammonia concentration occurred in all groups, although patterns varied across treatments. For example, the highest ammonia concentration in most groups occurred at 3 h postfeeding, whereas the concentration peaked at 6 h post-feeding in the steers supplemented 2 d/wk. In addition, the concentration of ruminal ammonia in steers supplemented 2 d/wk was higher (P = 0.05) than other treatments for the remainder of the sampling period. A treat- ment × day × time interaction (P < 0.01) also was observed for total VFA concentration. On the day when only the 7-d/wk group was supplemented, total VFA concentration varied less over time than was the case on the day when all steers were supplemented ( Figure  4 ). In the latter, total VFA concentration increased as supplementation frequency decreased. However, the patterns of rise and decline in total VFA across treatments differed somewhat, as did the magnitude of change.
Discussion
Cows supplemented at all frequencies lost less than a full body condition score increment (≤ 0.75 unit) dur- ing the winter feeding period and calved in relatively good body condition (> 4.5). This response is similar to that observed when spring-calving beef cows were fed high CP (31 or 41% CP) supplements either daily or three times weekly during the winter feeding period (Beaty et al., 1994) . The tendency for performance to improve with increased frequency of supplementation in our study concurs with the work of Melton and Riggs (1964) and Beaty et al. (1994) . However, in all of these studies, the magnitudes of differences in performance were small as frequency of supplementation changed. However, in some work, moderate changes in supplementation frequency (from 3 to 6 d/wk) for spring-calving cows grazing winter range and receiving a highprotein supplement resulted in essentially no differ- ences in body condition or BW change over the winter period (Wetteman and Lusby, 1994) .
Research with growing cattle consuming dormant forage also has indicated minimal differences in performance with various frequencies of protein supplementation. McIllvain and Shoop (1962) observed only a slight numerical improvement in winter gains of steers receiving a 41% CP supplement daily vs every third day. In the latter 2 yr of their 4-yr study, they added an additional treatment of supplementation only once weekly. Even under those conditions, differences in steer performance among treatments were not significant. With less-extreme feeding intervals, Hunt et al. (1989) observed no significant differences in daily gains of steers that received a protein supplement twice daily, once daily, or every other day.
In contrast with the preceding observations, feeding grain-based, low protein supplements at various frequencies has yielded variable results. Mature cows grazing fall-winter range and supplemented with cracked corn daily had a greater increase in body condition and BW than cows supplemented on alternate days (Kartchner and Adams, 1982) . Similarly, Wallace (1988) reported an increase in the performance of yearling heifers when supplemented daily with a grainbased supplement (9.4% CP) compared with twiceweekly supplementation. Heifers supplemented twice weekly actually had a negative ADG. Both Wallace (1988) and Kartchner and Adams (1982) attributed the decrease in performance with less-frequent supplementation to the detrimental effects that feeding large quantities of readily fermentable material (0.6% BW, Kartchner and Adams; 1.28% BW, Wallace) has on ruminal function. In contrast, although Beaty et al. (1994) observed a dramatic performance response to changes in the CP content (12, 21, 31, and 41% CP) of supplements fed to cattle grazing winter range, they did not observe an interaction between supplement CP concentration and frequency of supplementation. The difference in weight loss between 7-d/wk and 3-d/wk supplementation in their study was similar regardless of the protein content in the supplement. When supplements formulated with grain types of different potential fermentabilities (corn vs grain sorghum; 21% CP) were compared at different supplementation frequencies un- der similar conditions, no differences in performance were observed.
The forage OM intakes observed in our study were similar to those of other studies in which steers fed dormant tallgrass prairie were offered a high-protein supplement (Stafford et al., 1996; Mathis et al., 1999) . Similarly, Beaty et al. (1994) noted that the intake of wheat straw was higher for steers supplemented 7 d/ wk than for steers supplemented 3 d/wk. Differences in passage rate may have contributed to the observed variations in intake. The decrease in liquid dilution rate with decreasing supplementation frequency on the days when all treatment groups received supplement (particularly in the 2-d/wk treatment) suggests that solid passage rate may have been affected similarly and, in turn, could have contributed to intake differences. Beaty et al. (1994) observed faster indigestible ADF passage rates (concurrent with increased intake) in steers supplemented daily than in those supplemented 3 d/wk. In contrast, Coleman and Wyatt (1982) observed no difference in the forage DMI of steers fed cottonseed meal daily, every other day, or every fourth day. Similarly, Hunt et al. (1989) also found no difference in the DMI of steers supplemented with cottonseed meal twice daily, daily, or every other day. In the latter of these two studies, the frequency treatments were less extreme than in our experiment and may have minimized potential effects on forage use. The lack of agreement between our study and that of Coleman and Wyatt (1982) may be due to a lower level of supplement intake in their study (average daily intake of 0.15% BW compared with 0.36%) or the use of a higher quality basal diet (7.9% CP compared with 4.8% CP in our experiment). In our study, part of the overall decrease in forage DMI for steers supplemented 2 d/wk was the large decrease in forage intake on the days when they were supplemented. Although substitution effects (i.e., decreasing forage intake in preference for supplement) were not observed when a high-protein supplement was fed at rates of up to 0.44% BW of DM/d (Stafford et al., 1996) , the large amount of supplement offered at a each supplementation event (1.26% of BW) for the steers on the 2-d/wk treatment in our study was sufficient to elicit a substantive substitution effect. However, the direct substitution effect appeared to be evident primarily on the day when the steers were supplemented.
In our study, both DM and NDF digestion were somewhat depressed with decreased frequency of supplementation; however, the actual difference among treatments was only 1 to 3 percentage units. Studies in which purified nutrient sources were infused ruminally into cattle fed dormant forage indicated that the positive effects of supplementation on forage digestion were due largely to the provision of a ruminally degradable N source Olson et al., 1999; Klevesahl, 2000) . Moreover, Bandyk et al. (2001) demonstrated that providing the same amounts of casein into the abomasum and the rumen could elicit similar magnitudes of improvement in fiber digestion as a result of the steers' ability to recycle N. The fact that digestion rarely has been depressed greatly by decreased supplementation frequency may reflect the ability of N recycling to buffer infrequent N supply from the diet in ruminants.
The greater total VFA concentrations of steers supplemented daily compared with other groups measured on a day when they were not supplemented indicates enhanced fermentation and may explain the slight decrease in ruminal pH in that situation. Protein supplementation of dormant forage diets has been shown to stimulate fermentation and increase total VFA concentration (Hennessey et al., 1983; DelCurto et al., 1990; Olson et al., 1999) . The inverse relationship between total VFA concentration and supplementation frequency measured on a day when all steers were supplemented appeared to be largely due to the increasingly greater quantities of the supplement fed. The increasingly higher concentrations of VFA, in turn, may explain the lower pH in the rumen on that day in response to decreasing supplementation frequency. Average ruminal pH was maintained at a level considered acceptable (> 6.2) for uninhibited fiber digestion (Mould et al., 1983) during both fermentation profiles. This occurred even on the day all treatment groups were supplemented. Steers consuming as much as 1.26% of BW of supplement (i.e., the 2-d/wk group) maintained an average ruminal pH above 6.2. Similarly, Beaty et al. (1994) observed that average ruminal pH remained above 6.0 when steers consuming wheat straw were fed approximately 1.0% of BW of supplement at a supplementation event. Conversely, Kartchner and Adams (1982) reported that ruminal pH declined below 6.0 in steers grazing dormant winter range and receiving as little as 0.3% BW of supplement daily. However, their supplement was corn-based and of low protein (< 10% CP) in contrast to the higher protein supplement fed in our trial.
The general postprandial changes in ruminal ammonia concentration in our study were similar to those reported for cattle fed dormant tallgrass prairie (DelCurto et al., 1990; Beaty et al., 1994) . That is, for cattle supplemented once daily and fed their allotment of hay at the same time, a rapid rise in ruminal ammonia typically occurred followed by a somewhat steady decline. Clearly, the ruminally available protein in the supplement was responsible for the increase in ruminal ammonia concentration. For the group receiving supplement at the most infrequent intervals (i.e., receiving the largest amounts of supplement at a given event), the peak in ruminal ammonia was delayed and the decline in ammonia concentration was less rapid than for the other treatment groups on the day all groups were supplemented. Moreover, this occurred in spite of the fact that all treatment groups consumed their supplement allotments in a relatively short period of time (< 30 min). Beaty et al. (1994) also reported a delay in the peak ammonia concentrations of steers fed higher protein supplements at less-frequent intervals and the maintenance of somewhat elevated ruminal ammonia levels even on days when steers supplemented 3 d/wk were not supplemented. The latter of these observations may be due to recycling; however, the lag in the peak concentration could be explained either by increased utilization in the early hours following supplementation by microbes taking advantage of the increased supply of ruminally fermentable energy or by the inability of the microbial population to respond rapidly to such a large shift in the predominant dietary constituents. The fact that a similar lag in peak ammonia concentration was observed with very high ruminal infusions of casein in cattle fed dormant forage (Klevesahl, 2000) seems to support the latter of these possibilities.
Implications
The positive effects of high protein supplementation on dormant forage use and performance will be maximized if supplements are offered frequently. However, the frequency with which high-protein supplements are fed can be reduced to as infrequently as twice weekly without eliciting large performance penalties. Only small changes in body weight loss are likely to occur during a mild winter with a one-day decrease in frequency of protein supplementation within the range of seven and two days per week. The calculated magnitude of performance change during a typical winter supplementation period is small enough to support the conclusion of previous work that reducing supplementation frequency within the range specified is an acceptable management alternative to daily supplementation.
